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Background: Heart failure is sometimes incorrectly listed as the underlying cause of death (UCD) on death certificates,
thus compromising the accuracy and comparability of mortality statistics. Statistical redistribution of the UCD has been
used to examine the effect of misclassification of the UCD attributed to heart failure, but sex- and race-specific
redistribution of deaths on coronary heart disease (CHD) mortality in the United States has not been examined.
Methods: We used coarsened exact matching to infer the UCD of vital records with heart failure as the UCD from
1999 to 2010 for decedents 55 years old and older from states encompassing regions under surveillance by the
Atherosclerosis Risk in Communities (ARIC) Study (Maryland, Minnesota, Mississippi, and North Carolina). Records with
heart failure as the UCD were matched on decedent characteristics (five-year age groups, sex, race, education, year of
death, and state) to records with heart failure listed among the multiple causes of death. Each heart failure death was
then redistributed to plausible UCDs proportional to the frequency among matched records.
Results: After redistribution the proportion of deaths increased for CHD, chronic obstructive pulmonary disease, diabetes,
hypertensive heart disease, and cardiomyopathy, P < 0.001. The percent increase in CHD mortality after redistribution was
the highest in Mississippi (12%) and lowest in Maryland (1.6%), with variations by year, race, and sex. Redistribution
proportions for CHD were similar to CHD death classification by a panel of expert reviewers in the ARIC study.
Conclusions: Redistribution of ill-defined UCD would improve the accuracy and comparability of mortality statistics used
to allocate public health resources and monitor mortality trends.
Keywords: Cause of death, Coronary heart disease, Death certificates, Heart failure, Mortality, Vital statistics, Ill-defined
causes of deathBackground
Accurate mortality statistics are critical for determining
the burden of disease and evaluating mortality trends,
but ill-defined causes of death such as heart failure are
sometimes listed as the underlying cause of death (UCD)
[1,2]. Heart failure is considered a mediator between death
and diseases, thus it represents a mode of death most com-
monly attributable to hypertension, coronary heart disease
(CHD), valve diseases, diabetes, or cardiomyopathy [3].* Correspondence: mlmeyer@unc.edu
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unless otherwise stated.Cause of death coding instructions from the International
Classification of Diseases Tenth Revision (ICD-10) state
that other plausible heart conditions should be used as the
UCD in place of heart failure. Reporting heart failure as
the UCD most often occurs when the etiology of heart fail-
ure cannot be determined or training of the certifying
physician [4] or the nosologist is inadequate.
Efforts to improve the comparability and accuracy of
cause of death statistics call for redistributing UCDs at-
tributed to ill-defined codes [1,2,5,6]. Medical record re-
view by panels of experts or autopsy studies are the gold
standard methods to determine the UCD. These methods
are costly and laborious, and thus often limited to samples
of available records [7-9] and to cohort settings [10,11].Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
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statistical approaches such as multinomial logistic regres-
sion [2] that require preselecting underlying causes of
death that heart failure deaths will be redistributed to [5]
or use algorithms to redistribute heart failure deaths to a
target list of UCDs [12].
Coarsened exact matching is a novel, validated approach
to redistribute heart failure deaths [6]. In coarsened exact
matching, records listing heart failure as the UCD are
matched on selected variables to records listing heart fail-
ure as a multiple causes of death. Each heart failure death
is then allocated to a plausible UCD proportional to the
frequency of the underlying causes of death among the
matched records.
Deaths attributed to heart failure are predominantly
redistributed to CHD in the United States and most in-
dustrialized countries [1,5,6,12]. However, the effect of
statistical redistribution of heart failure deaths on sex-
and race-specific temporal trends in CHD mortality in the
United States has not been examined. We report on the ef-
fect of redistributing heart failure deaths using coarsened
exact matching on sex- and race-specific temporal trends
in CHD mortality and compare coarsened exact matching
to high-quality CHD cause of death ascertainment from
the population-based surveillance study of United States
communities, the Atherosclerosis Risk in Communities
(ARIC) Study.
Methods
Vital records
We examined vital records from decedents ≥55 years
old for years 1999–2010 from states encompassing re-
gions under epidemiologic surveillance by the ARIC study
(Maryland, Minnesota, Mississippi, and North Carolina).
We excluded decedents <55 years old (n = 8) because
heart failure before age 55 typically reflects etiologies and
coding practices that differ from those among older adults
in industrialized countries. Multiple cause of death coding
was provided by the 57 vital statistics jurisdictions through
the National Center for Health Statistics Vital Statistics
Cooperative Program. We obtained mid-year populations
for 1999–2009 from the Center for Disease Control’s
CDC Wonder and obtained the 2010 mid-year population
from the United States 2010 Census. Heart failure was de-
fined by ICD-10 codes for congestive heart failure (I50.0),
left ventricular failure (I50.1), and heart failure, unspeci-
fied (I50.9).
Before matching we eliminated deaths due to external
causes, ICD-10 codes V00-Y98, and deaths due to ill-
defined UCD on the basis that they were not plausible
as the UCD of a heart failure death (Figure 1). Each record
with heart failure listed as the UCD was matched to records
listing heart failure among the multiple causes of death by
coarsened exact matching. The records were matched byfive-year age groups (55 to 94 years old, and then 95+ years
old), sex, race (Caucasian, African American, and other),
education (less than high school, high school, and college
and above), year of death, and state. Each heart failure
death was then redistributed proportional to the frequency
of the UCD of the matched records. For example, if a heart
failure record matched to six CHD deaths, three cardiomy-
opathy deaths, and one diabetes death, the UCD for that
heart failure record was redistributed as 0.6 CHD, 0.3 car-
diomyopathy, and 0.1 diabetes death.
For the subsequent analysis, we grouped the follow-
ing UCD as follows: CHD (I20-I25), chronic obstructive
pulmonary disease (COPD; J40-J44), diabetes (E10-E14),
hypertensive heart and kidney disease (I11-I13), cardiomy-
opathy (I42-I43), cerebrovascular disease (I60-I69), other
cardiovascular diseases (balance of I00-I99), lower re-
spiratory infections (J10-J18, J20-J22), cancers (C00-C97),
digestive diseases (K20-K92), dementia (F01, F03), Alzhei-
mer's disease (G30), and other diseases (remaining UCD).
ARIC community surveillance
The National Heart, Lung, and Blood Institute-supported
ARIC Community Surveillance Study includes annual
sampling and validation of hospital discharge codes
for myocardial infarction, heart failure, and in-hospital
and out-of-hospital CHD mortality among residents
35 to 74 years old since 1987 from Forsyth County,
North Carolina; the city of Jackson, Mississippi; suburbs
of Minneapolis, Minnesota; and Washington County,
Maryland. We included records with the UCD of heart
failure for years 1999 to 2010 for decedents ≥55 years old
from the four ARIC study areas. Detailed methods have
been published [13,14] but briefly, deaths were sampled
from each area stratified on sex, age, residence, year, and
targeted ICD-10 codes related to CHD (ICD-10 codes
E10-14, I10-11, I21-25, I46-51, I70, I79, J81, J96, R96,
R98-99). Corresponding death certificates were obtained
from state vital records with the UCD assigned by the
Automated Classification of Medical Entities. Fatal events
were characterized by contacting physicians and family
members. Two members of a panel of physicians inde-
pendently reviewed each out-of-hospital death and deaths
with the UCD attributed to heart failure and assigned a
final diagnosis using standardized criteria [15]. Disagree-
ments between reviewers were adjudicated for a final CHD
classification. The study was approved by the following in-
stitutional review boards: University of North Carolina at
Chapel Hill, Wake Forest Baptist Medical Center, University
of Mississippi Medical Center, University of Minnesota, and
Johns Hopkins University.
For the purpose of this analysis, deaths were classified as
a CHD death (definite myocardial infarction, and definite
and possible fatal CHD), a non-CHD death, and an un-
classifiable death in which the panel reviewers could not
Vital records from Maryland, Minnesota, Mississippi and North Carolina years 1999-2010
N=2,210,113
Excluded decedents <55 years old (133 missing age), 
underlying cause of death due to external causes (ICD-10 
V00-Y98), and ill-defined underlying causes of death (ICD-10 
R00-R99, N17-N19, C76, C80, C97, I10, I46, I47.2, I49.0, 
I51.4, I51.5, I51.6, I51.9, I70.9).
Excluded records where heart failure (ICD-10 150.0-9)
was not the underlying cause of death or a multiple cause 
of death (n=1,397,263) and records with unknown 
education.
N=226,638
Heart failure listed as underlying cause of death n=52,211
Heart failure listed as a multiple cause of death n=174,427
N=1,623,901
Figure 1 Flow diagram of exclusions.
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reviewer’s preferred classification in which the clinical
judgment of the reviewer was used to complement the
standardized ARIC classification. The preferred classifi-
cation allowed the physician reviewer to disagree with
the ARIC algorithm for a CHD death based on informa-
tion in the medical record and his/her expert opinion.Statistical methods
We applied coarsened exact matching as proposed by
Stevens et al. [6] implemented in the Stata procedure
CEM [16]. Redistribution proportions among records with
heart failure as the UCD were evaluated by state, race, and
sex. Proportions of the UCD among all vital records before
and after redistributing heart failure deaths were stratified
by sex and race. Differences in pre- and post-redistribution
proportions were tested with the chi-square test.
We calculated CHD mortality per 100,000 population
using the direct method of standardization to the 2000
United States standard population. The percent increase
in CHD mortality after redistributing heart failure deaths
was calculated as [(post-redistribution morality rate −
pre-distribution morality rate)/pre-distribution mortality
rate] × 100. We graphed CHD mortality and percent in-
crease in CHD mortality by region, sex, and race to evaluate
trends over time. We suppressed data for “other” race and
African Americans in Minnesota when calculating CHD
mortality rates due to the small number of records.
Frequencies of the CHD classification of deaths in ARIC
were estimated by the inverse of the sampling fractions
and rounded to the nearest whole number. SAS, version
9.2 (SAS Institute, Inc., Cary, North Carolina) was usedfor all analyses except for coarsened exact matching that
was conducted with Stata, version 12.1 (Stata Corporation,
College Station, Texas). All P values were two-sided with
statistical significance of P <0.05.Results
Heart failure was listed as the UCD in 3.2% (n = 52,211)
of all vital records, with 2.0% in Maryland, 3.7% in
Minnesota, 6.4% in Mississippi, and 2.6% in North
Carolina (Additional file 1: Table S1). Among records with
heart failure as the UCD, 46.7% of the decedents were male
and 53.3% were female, and 84.6% of the decedents were
Caucasian compared to 14.8% African American and 0.6%
other race (Additional file 1: Table S2). However, 25.3% of
the decedents in Mississippi were African American com-
pared to 0.9% in Minnesota.
Among records with heart failure as the UCD, coarsened
exact matching redistributed 37.1% of the deaths to CHD,
10.8% to other cardiovascular diseases, 9.9% to other, 8.0%
to COPD, 6.7% to cancers, 4.9% to diabetes, 4.5% to hyper-
tensive heart and kidney disease, 4.4% to cerebrovascular
disease, and a lower proportion to each of the other UCD
groups (Table 1). Redistribution proportions varied slightly
across states for CHD (ranging from 33.4% in Minnesota
to 39.1% in Mississippi) and hypertensive heart and
kidney disease (ranging from 3.3% in Minnesota to 6.7%
in Mississippi). After redistributing heart failure deaths,
the proportion of deaths among all vital records signifi-
cantly increased for CHD, COPD, diabetes, hypertensive
heart and kidney disease, cardiomyopathy, and other car-
diovascular diseases in Caucasians and females (Table 2).
However, only CHD, COPD, and other cardiovascular
Table 1 Redistribution proportions among records with heart failure as the underlying cause of death by state, sex,
and race
Underlying cause of death All records Maryland Minnesota Mississippi North Carolina Male Female Caucasian African American
% % % % % % % % %
Lower respiratory infections 3.3 3.1 3.1 3.5 3.2 3.2 3.3 3.4 2.6
Cancers 6.7 6.4 6.9 7.5 5.9 7.2 6.2 6.4 8.4
Diabetes 4.9 5.1 5.7 4.4 4.7 5.1 4.8 4.4 7.8
Coronary heart disease 37.1 39.0 33.4 39.1 37.4 39.3 35.2 37.9 32.6
Cerebrovascular disease 4.4 3.8 4.5 5.2 4.0 4.4 4.4 4.3 5.4
Hypertensive heart and
kidney disease
4.5 4.2 3.3 6.7 3.8 3.9 5.1 3.8 8.7
Cardiomyopathy 3.3 3.5 1.9 3.8 3.8 3.6 3.1 2.9 5.4
Other cardiovascular diseases 10.8 10.8 14.4 6.8 11.6 9.9 11.7 11.4 7.5
Chronic obstructive
pulmonary disease
8.0 7.4 7.9 8.3 8.1 8.0 8.0 8.5 4.9
Digestive diseases 2.3 2.2 2.5 2.2 2.3 2.3 2.4 2.3 2.2
Other 9.9 10.9 10.2 8.5 10.3 9.6 10.1 9.6 11.1
Dementia 2.7 2.3 4.0 1.8 2.8 1.9 3.5 2.9 2.0
Alzheimer’s disease 2.1 1.4 2.4 2.2 2.1 1.7 2.4 2.2 1.4
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only CHD, COPD, cardiomyopathy, and other cardiovascu-
lar diseases significantly increased in males.
The percent increase in CHD mortality after redistribut-
ing heart failure deaths varied by year and state, ranging
from 0.7% in Maryland to 13.7% in Mississippi (Figure 2).
The percent increase in CHD mortality was the lowest
and had little variation over time in Maryland and was theTable 2 Proportions of the underlying cause of death pre- an
Underlying cause of death By racea
Caucasian A
(n = 1,330,997)
Pre% Post% Pre
Heart failure 3.3 0.0 2.
Coronary heart disease 19.7 20.9b 19
Chronic obstructive pulmonary disease 6.9 7.2b 3.
Diabetes 3.0 3.1b 5.
Hypertensive heart and kidney disease 1.5 1.6b 4.
Cardiomyopathy 1.1 1.2b 1.
Cerebrovascular disease 7.8 7.9 8.
Other cardiovascular diseases 4.7 5.1b 4.
Lower respiratory infections 3.0 3.1 2.
Cancers 24.4 24.6 24
Digestive diseases 3.7 3.8 3.
Dementia 4.5 4.5 3.
Alzheimer’s disease 3.9 4.0 2.
Other diseases 12.8 13.1b 14
aOther race not shown (n = 17,881).
bP-value <0.05 from chi-square test.highest and had a large variation over time in Mississippi.
The percent increase in CHD following redistribution was
higher among males than females in all states until around
2002, at which point females had a higher percent increase
starting around 2009, except for Maryland (Figure 3). The
percent increase in CHD mortality was higher among
Caucasians compared to African Americans in Maryland,
Mississippi, and North Carolina (Figure 4).d post-redistribution of heart failure deaths
By sex
frican American Male Female
(n = 275,023) (n = 794,546) (n = 829,355)
% Post% Pre% Post% Pre% Post%
8 0.0 3.1 0.0 3.4 0.0
.9 20.8b 20.7 21.9b 18.8 19.9b
2 3.4b 6.2 6.4b 6.3 6.5b
7 5.9 3.6 3.7 3.3 3.5b
1 4.3 1.9 2.0 1.9 2.1b
6 1.7 1.2 1.3b 1.1 1.2b
3 8.4 7.6 7.8 8.1 8.2
0 4.2b 4.4 4.7b 4.8 5.2b
5 2.6 2.9 3.0 2.9 3.0
.7 24.9 25.5 25.7 23.5 23.7
4 3.4 3.7 3.8 3.6 3.7
1 3.1 3.2 3.3 5.1 5.2
3 2.4 3.0 3.1 4.3 4.3
.5 14.8 13.1 13.4 13 13.4b
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Figure 2 Percent increase in age-adjusted mortality rate for
coronary heart disease after redistribution of heart failure
deaths by state. Age-adjusted mortality rate is per 100,000 population
among US adults ≥55 years, age-standardized to the 2000 US
standard population. MD, Maryland; MN, Minnesota; MS, Mississippi;
NC, North Carolina.
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sistently higher than pre-redistribution rates with com-
parable trends over time among all states (Additional file 1:
Figure S1). CHD mortality was lower among females com-
pared to males in all states (Additional file 1: Figure S2).
There was a larger decrease in CHD mortality among males
around 2001 to 2003 in all states except Minnesota, which
was not seen among females. CHD mortality was the
highest overall among African Americans in Maryland
(Additional file 1: Figure S3).
In ARIC Community Surveillance regions, there were
660 records with heart failure listed as the UCD from 1999
to 2010. The majority of records were from Mississippi
(39.7%) and North Carolina (34.5%; Additional file 1: Table0
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Figure 3 Percent increase in age-adjusted mortality rate for coronary
and state. Age-adjusted mortality rate is per 100,000 population among US
US standard population. MD, Maryland; MN, Minnesota; MS, Mississippi; NC, NS3). Based on the ARIC classification algorithm protocol,
22.3% of records with heart failure as the UCD were classi-
fied as a CHD death (24.7% among males, 19.6% among fe-
males, 22.4% among Caucasians, and 22.6% among African
Americans; Additional file 1: Table S4). For the physician
reviewer’s preferred classification, records with heart failure
as the UCD were classified as a CHD death in 27.5%
of all the records (31.5% among males, 22.8% among
females, 29.8% among Caucasians, and 24.7% among
African Americans). Jackson, Mississippi had the largest
proportion of heart failure deaths classified as CHD deaths
(28.1%) followed by Forsyth County, North Carolina
(22.5%; Additional file 1: Table S5). There were few records
with heart failure as the UCD in Minneapolis, Minnesota
and Washington County, Maryland.
Discussion
Misclassification of deaths due to ill-defined UCD re-
mains a problem in national vital statistics. Prominent
among the ill-defined UCD is heart failure, which was
listed as the UCD in over 3% of all vital records from
1999 to 2010. On a national scale, this represents ap-
proximately 63,273 deaths in 2010 among United States
decedents ≥55 years old. Deaths attributed to heart failure
redistributed by coarsened exact matching were predom-
inantly assigned to CHD, with variations in redistribution
proportions by state, sex, and race. Similar redistribution
patterns were seen for heart failure deaths classified by
a physician reviewer panel following ARIC’s Community
Surveillance protocol. These approaches reclassified 22%
to 37% of deaths coded as heart failure to CHD deaths
and classified more heart failure deaths as CHD in Missis-
sippi and among males. CHD mortality increased by 0.7%
to 13.7% among the four states after redistributing heart
failure deaths, suggesting that without redistributing heart
failure deaths, CHD mortality based on vital statistics is0
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heart disease after redistribution of heart failure deaths by sex
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Figure 4 Percent increase in age-adjusted mortality rate for coronary heart disease after redistribution of heart failure deaths by race
and state. Age-adjusted mortality rate is per 100,000 population among US (a) Caucasian and (b) African American adults ≥55 years, age-standardized to
the 2000 US standard population. Data for African Americans in Minnesota were suppressed because of small numbers. MD, Maryland; MN, Minnesota; MS,
Mississippi; NC, North Carolina.
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included.
As shown in our analysis and those of others [5,6,12],
heart failure deaths are mainly redistributed to CHD in
economically advanced, industrialized settings. Stevens
et al. used coarsened exact matching and showed that
heart failure deaths were primarily redistributed to CHD,
COPD, diabetes, and hypertensive heart and kidney dis-
ease [6]. Using a regression-based approach, Ahern et al.
also redistributed most heart failure deaths to CHD [12]
although all heart failure deaths were redistributed to
CHD among males, and 87% of the heart failure deaths
were redistributed to CHD and 13% to COPD among fe-
males, which was not the case in the present study. An ad-
vantage of coarsened exact matching in this regard is that
no a priori assumptions about the UCD target groups are
necessary, and a heart failure death may be redistributed
to several underlying causes of death. Stevens et al. re-
ported that the overall percent increase in mortality for
CHD after coarsened exact matching did not vary over
time between 1999 to 2004 in the United States [6]. To
this we add the hypothesized observation of state-level
variation in the percent increase in CHD due to redistri-
bution. Furthermore, the percent increase in CHD mortal-
ity after redistribution was higher in males compared to
females from 1990 to 2002, whereas from 2002 to 2010
females had a higher percent increase. The larger de-
cline in CHD mortality from 2001 to 2003 among males
compared to females in our analysis may contribute to
this pattern.
Misclassification of the UCD due to ill-defined codes
has been reported to vary by location [2,17], the certifying
physician [4], sex, race [18], and also with older age of the
decedent [2,5]. Murray et al. reported that in-hospital
deaths and deaths in counties with more cardiologists per
capita were less likely assigned to heart failure or general
atherosclerosis compared to CHD [2]. Misclassificationof heart failure could also be due to differences in the
training of nosologists by state and the use of commer-
cial firms to perform the coding.
There is plausibility for heart failure deaths to be
redistributed to CHD where the predominant underlying
mechanism of heart failure is ischemic cardiomyopathy
[19,20], and the majority of deaths coded as heart failure
or other ill-defined cardiovascular UCD are redistributed
to CHD when adjudicated by an expert panel [10]. We
compared the statistical approach to redistributing heart
failure deaths to a standardized and rigorous method of
reclassification by a panel of physicians, based on reviews
of medical records and surveys of the decedent’s physician
and next of kin. The statistical approach redistributed a
higher percentage of heart failure deaths to CHD than the
panel of physicians, but the latter identified some records
as unclassifiable. Both methods resulted in similar redistri-
bution patterns and yielded comparable mortality esti-
mates that reduce the impact of misclassification of the
UCD in the medical certification of deaths.
Our study is limited by the lack of autopsy data to de-
termine the true UCD, given that very few autopsies are
conducted in the United States. Also to be considered, the
method we used assigns deaths to plausible UCD and re-
cords could therefore be redistributed to different UCD to
account for the uncertainty of the true UCD. Our analysis
is based on vital records that may have inaccurate demo-
graphic information and cause of death coding; however,
redistribution of heart failure offers a way to improve the
misclassification of the UCD and comparability of mortal-
ity statistics. Lastly, this analysis only included four states
in the United States to allow for comparison with an
established community surveillance program. Even within
this constrained framework, we were able to detect geo-
graphic variations in the redistribution of heart failure
deaths both from vital records and the ARIC study. We
also were able to compare temporal trends in CHD
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distribution of deaths due to ill-defined causes based on
vital records prior to 2008 [2,5,6,12].
Efforts to improve vital statistics are not new. Other
studies have shown feasible ways to calibrate mortality
to account for ill-defined UCD [2,6,12,21], but these
methods are not commonly used or cited. Considering
that cause-specific mortality estimates for heart failure
as the UCD are available on CDC Wonder, there is a
clear need to inform public health researchers of the po-
tential for misclassification of the UCD due to ill-defined
causes such as heart failure when evaluating mortality
statistics, as well as a need for practical tools to calibrate
such data. Emphasis needs to be on improving the qual-
ity of medical records and the training of physicians on
death certification and reporting multiple cause of death
information to provide a more accurate estimation of
the burden of disease [22], especially since diseases and
conditions frequently co-exist. Despite the possibilities
of inaccuracy and misclassification, the ICD system is
used around the world to monitor diseases and for pub-
lic health policies.Conclusions
In summary, coarsened exact matching offers a practical
way to redistribute ill-defined UCD. Further research is
needed to validate this method, but our results indicate that
redistribution of deaths attributed to heart failure modifies
cause-specific mortality estimates and may significantly im-
pact mortality patterns for subgroups or regions prone to
suboptimal certification of the UCD. Government agencies
and researchers should calibrate vital statistics through re-
classification of ill-defined UCD in order to improve the
accuracy and comparability of mortality statistics, to the
benefit of monitoring mortality trends, public health pol-
icies, and the allocation of public health resources.Additional file
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